No studies have been performed on the mitochondria of malaria vector mosquitoes. This information would be valuable in understanding mosquito aging and detoxification of insecticides, two parameters that have a significant impact on malaria parasite transmission in endemic regions. In the present study, we report the analyses of respiration and oxidative phosphorylation in mitochondria of cultured cells [ASE (Anopheles stephensi Mos. 43) cell line] from A. stephensi, a major vector of malaria in India, South-East Asia and parts of the Middle East. ASE cell mitochondria share many features in common with mammalian muscle mitochondria, despite the fact that these cells are of larval origin. However, two major differences with mammalian mitochondria were apparent. One, the glycerol-phosphate shuttle plays as major a role in NADH oxidation in ASE cell mitochondria as it does in insect muscle mitochondria. In contrast, mammalian white muscle mitochondria depend primarily on lactate dehydrogenase, whereas red muscle mitochondria depend on the malate-oxaloacetate shuttle. Two, ASE mitochondria were able to oxidize proline at a rate comparable with that of α-glycerophosphate. However, the proline pathway appeared to differ from the currently accepted pathway, in that oxoglutarate could be catabolized completely by the tricarboxylic acid cycle or via transamination, depending on the ATP need.
INTRODUCTION
Biochemical studies on insect sarcosomes were first performed in the 1950s by Watanabe and Williams [1, 2] . Later studies demonstrated that the tricarboxylic acid cycle was operational in the sarcosomes of the housefly Musca domestica [3] [4] [5] [6] [7] and the blowfly Phormia regina [8] . In general, oxidation was accompanied by the esterification of inorganic phosphate [3] [4] [5] [6] [7] . Specific patterns of oxidation were explored in the mitochondrial and supernatant fractions of the honey bee Apis mellifera [9] . Previous studies have provided extensive insights into the mitochondrial physiology of Drosophila melanogaster [10] [11] [12] . To our knowledge, however, no analogous studies have been performed on the mitochondria of malaria vector mosquitoes. Such information would be valuable in understanding the physiology of mosquito aging and detoxification of insecticides, two parameters that have a significant impact on malaria transmission in endemic regions.
In the present study we show, for the first time, results from analyses of respiration and oxidative phosphorylation in mitochondria of cultured cells [ASE cell line (Anopheles stephensi Mos. 43 cell line)] from A. stephensi, a major vector of malaria in India, South-East Asia and parts of the Middle East. We chose to use cultured cells as opposed to mitochondria from whole insects initially in order to characterize mitochondrial metabolic pathways with samples that could be isolated quickly and cleanly in significant quantities. For our study, we employed polarographic analyses of oxygen consumption of the respiratory chain of isolated ASE cell mitochondria. The polarographic approach is particularly useful for characterizing respiratory function in mitochondria isolated from tissues, cultured cells or whole organisms (e.g. yeast). Polarographic studies, in conjunction with the use of specific inhibitors of the electron-transport chain, have been widely used in the field, providing the majority of our current knowledge of mitochondrial bioenergetics. The goal of our present study was to characterize the metabolic pathways utilized by ASE mitochondria in terms of energy production and substrate use, and compare them with mitochondria from various insects and mammals.
MATERIALS AND METHODS

Cell maintenance
The immortalized A. stephensi ASE cell line was grown in modified Eagle's minimal essential medium supplemented with glucose, L-glutamine, vitamin solution, non-essential amino acids, penicillin and streptomycin and 5 % (v/v) heat-inactivated fetal bovine serum at 28
• C with 5 % CO 2 as detailed previously [13] . The population doubling time of these cells is approx. 18-20 h. The cells were split (1:10 dilution) into modified Eagle's minimal essential medium and grown in 50 ml tissueculture flasks until confluent. These flasks were used to seed 500 ml tissue-culture flasks to prepare replicate cultures of ∼ 2 × 10 9 cells for mitochondria preparation. For counting, a singlecell suspension was loaded on to a haemocytometer and counted under a microscope; the number of cells per ml was calculated by multiplying by the dilution factor and by the conversion factor for 10 counted fields. Under the culture conditions stated above, ASE cell viability as measured by Trypan Blue exclusion assay was 85-90 %. To concentrate the cells for preparation of mitochondria, the cells were gently resuspended and then the suspension was transferred into a 50 ml tube. Cells were pelleted by centrifugation at 800 g for 5 min. The supernatant was removed to just above the cell pellet, and the cells were resuspended in a small volume of medium by gentle pipetting and transferred to a sterile holding tube on ice. This cycle was repeated, with collection of the concentrated cells into one tube, until all of the flasks were processed.
Isolation of mitochondria
Cells were centrifuged at 500 g for 1 min at 4
• C, and mitochondria were isolated from pelleted cells using a method published previously [14] with modifications. The pellet was weighed and MSHE buffer [mannitol/sucrose/Hepes/EDTA buffer; 220 mM mannitol, 70 mM sucrose, 0.5 mM EGTA, 0.1 % fatty-acid-free BSA and 2 mM Hepes (pH 7.4)] was added at a ratio of 3 ml/g of cell wet weight. The cells were gently homogenized and centrifuged at 600 g for 5 min at 4
• C, the pellet was then discarded and the supernatant was centrifuged at 10 300 g for 10 min at 4
• C. The pellet, rich in mitochondria, was resuspended in a small volume of MSHE buffer. Using this procedure, the yield was 7.5 + − 0.5 μg of mitochondrial protein per 10 6 cells. Protein concentration was determined by using the BCA (bicinchoninic acid) Protein Assay (Pierce).
Polarographic method for evaluating oxygen uptake
The oxygen consumption of 0.5-1 mg/ml mitochondria was assessed in an oxygraph system [14] (Hansatech Instruments, King's Lynn, Norfolk, U.K.). The chamber contained 0.5-1 ml of oxygen-saturated reaction buffer [220 mM sucrose, 50 mM KCl, 5 mM MgCl 2 , 1 mM EGTA, 10 mM KH 2 PO 4 and 10 mM Hepes (pH 7.4)]. State 4 respiration was initiated by adding a substrate to the isolated mitochondria, whereas State 3 respiration included the addition of 0.45 or 1 mM ADP where indicated. All reactions were performed with continuous stirring at 20-22
• C.
MS analysis and protein identification
LC-MS/MS (liquid chromatography tandem MS) analyses were performed at the Proteomics Facility of the University of California Genome Center (Davis, CA, U.S.A.). MS/MS were extracted by using BioWorks version 3.3 (Thermo Electron). Charge-state deconvolution and de-isotoping were not performed. All samples were analysed using X! Tandem (http://www.thegpm.org/; version 2007.01.01.2). X! Tandem was set up to search the Ensemble Anopheles gambiae protein database (13740 entries), assuming that digestion was performed with trypsin. X! Tandem was searched with a fragment-ionmass tolerance of 0.40 Da and a parent-ion tolerance of 1.8 Da. Iodoacetamide derivative of cysteine was specified in X! Tandem as a fixed modification. Deamidation of asparagine and glutamine residues, oxidation of methionine and tryptophan residues, sulfone of methionine residues, tryptophan oxidation to formylkynurenine of tryptophan and acetylation of the N-terminus were specified in X! Tandem as variable modifications.
Scaffold (version Scaffold-01_06_03; Proteome Software, Portland, OR, U.S.A.) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 90.0 % probability as specified by the Peptide Prophet algorithm [15] . Protein identifications were accepted if they could be established at greater than 99.0 % probability and contained at least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm [16] . Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. 
Statistical analyses
Results are means + − S.D. of three replicates from one experiment. Each experiment was carried out a minimum of 3 times, and the results shown reflect all of the results obtained. The effect of treatment was compared with control values by one-way ANOVA. Tests were carried out using StatSimple version 2.0.5 from Nidus Technologies (Toronto, ON, Canada).
RESULTS AND DISCUSSION
Oxidation of tricarboxylic-acid-cycle intermediates and related compounds by isolated mitochondria
Several tricarboxylic-acid-cycle members and related compounds were tested as substrates for mitochondria isolated from ASE cells ( Table 1 ). Significant rates were obtained with α-glycerophosphate, proline, pyruvate, glutamate, malate, oxoglutarate, fumarate and succinate. Respiratory-control rates with these substrates were high (4 or higher), indicating a significant coupling of electron transfer with oxidative phosphorylation. Glutamate and malate-glutamate were adequate substrates for these mitochondria. These results indicated that ASE cells share a similar pathway with mammalian mitochondria; malate is transported into mitochondria in exchange for oxoglutarate, followed by the oxidation of malate by malate dehydrogenase, removal of oxaloacetate by the glutamate-aspartate transaminase and export of aspartate in exchange for glutamate. Glycerophosphate, the other end-product of glycolysis in insect flight muscle and therefore a physiological substrate for mitochondria, was oxidized at significant rates comparable with pyruvate. The relatively high rate values for the oxidation of glycerophosphate indicated the presence of an active glycerophosphate shuttle.
Addition of malonate, an inhibitor of Complex II, caused a 90% inhibition of pyruvate oxidation, demonstrating that the tricarboxylic acid cycle is required for pyruvate oxidation.
Although it has been amply demonstrated that the mitochondrial fraction of cells contains all the enzymes necessary for the oxidation of pyruvate, the majority of isolated mitochondria oxidize pyruvate poorly unless a primer, such as succinate, fumarate or malate, is added. Some isolated mitochondria oxidize pyruvate without added primers by carboxylating pyruvate to malate or oxaloacetate. Two enzymes have been described that can catalyse this carboxylation: malic enzyme [17] and PC (pyruvate carboxylase) [18] . In addition, other enzymes can catalyse the synthesis of oxaloacetate from phosphoenolpyruvate [19] [20] [21] , but it appears that these enzymes are not operating at an appreciable rate in most isolated mitochondria. Apart from housefly sarcosomes, no mitochondrial preparations from animal sources have been reported to oxidize pyruvate in the absence of added primers or in the absence of a carboxylating system. However, ASE mitochondria utilized pyruvate at a significant rate, indicating that the need to replenish oxaloacetate could be fulfilled by PC, which catalyses the conversion of pyruvate into oxaloacetate and is very abundant in the flight muscles of many insect species [22] . In these reports, PC did not co-occur with phosphoenolpyruvate carboxykinase and fructose-1,6-bisphosphatase, so it was concluded that flight muscle PC is not part of the gluconeogenic pathway. Rather, it was proposed that PC may function as an anaplerotic enzyme [22] . Indeed, the amount of oxaloacetate has been shown to increase during flight [23] , indicating that this metabolite is synthesized by an additional route. Thus PC as an anaplerotic enzyme may provide a mechanism for increasing tricarboxylic-acid-cycle intermediates via oxaloacetate.
To confirm our inference that pyruvate oxidation could proceed in the absence of priming, pyruvate oxidation was re-analysed in the presence of malate. Supplementation of mitochondria with malate yielded no significant increase in the rate of oxygen uptake in State 3 (Table 1 ) and, surprisingly, inhibited the response rate by 40 %. These results suggested that, as observed in mammalian mitochondria, the transport of pyruvate and malate through the monocarboxylate-proton transporter and malatecitrate transporter respectively was also occurring in ASE mitochondria. However, the oxidation of malate to oxaloacetate proceeds through the enzymatic action of malate dehydrogenase in mammalian mitochondria, and because the K eq of this enzyme favours the formation of malate, oxaloacetate must be immediately removed by citrate synthase, a reaction that proceeds in the presence of acetyl-CoA formed from pyruvate via pyruvate dehydrogenase. The inhibition of malate oxidation by pyruvate addition in ASE mitochondria suggested a feedback inhibition of pyruvate on malic enzyme, indicating that alternative carboxylation reactions to pyruvate oxidation were functional (e.g. via PC) and were similar to housefly sarcosomes. To confirm the involvement of malic enzyme, the effect of tartronic acid, an inhibitor of this enzyme, was tested on malate only or on malate-and pyruvate-supplemented mitochondria. Addition of tartronic acid resulted in 92 % and 90 % inhibition of State 3 oxygen uptake respectively. This result indicated that exogenously added malate efficiently provides oxaloacetate (through malate dehydrogenase), whereas pyruvate is provided via the anaplerotic reaction catalysed by malic enzyme.
Mammalian liver mitochondria are the most important site for the generation of ketone bodies (β-hydroxybutyrate and Table 2 Substrate preference of insect mitochondria Substrate preference was calculated as the ratio of oxygen uptake with the indicated substrate and with glutamate. The values for the house fly and the locust were calculated from results published previously [24, 66] . Results for mammalian muscle mitochondria were compiled from data for pigeon breast muscle, human skeletal muscle and rat skeletal muscle published previously [67] [68] [69] [70] acetoacetate). The liver supplies these compounds as a fuel source to the heart and skeletal muscle during diabetes, starvation and other situations. Although the liver generates ketone bodies, this tissue cannot utilize them for energy and, as such, the liver lacks acetoacetate:succinyl-CoA-CoA transferase, the enzyme required for the catabolism of ketone bodies. Mitochondria from ASE cells utilized acetoacetate ( Table 1 ), indicating that they are endowed with a pathway to utilize ketone bodies. Conversely, they did not utilize β-hydroxybutyrate, suggesting that the equilibrium of the reaction (acetoacetate+NADH↔β-hydroxybutyrate+NAD + ) was displaced towards the right-hand side. This indicates that the NADH/NAD + ratio in these mitochondria is relatively high, probably as a result of the high content of endogenous substrates. In agreement with this hypothesis, the addition of 0.45 mM ADP to mitochondria without exogenous substrate supplementation (State 2) resulted in values comparable with those obtained with succinate (see Table 3 ).
Winged insects can be roughly divided into two groups based on the metabolic fuel that is utilized for flight activity. Insects capable of long-lasting flights, like locusts and butterflies, use fat as the major substrate for flight-muscle activity, whereas insects capable only of short flights, like flies and bees, use carbohydrate as their main source of flight energy [24] . Accordingly, flight muscle mitochondria isolated from each of these groups of insects exhibit different properties. For example, house fly muscle mitochondria and locust muscle mitochondria differ in: (i) their abilities to oxidize pyruvate for short periods in the absence of added tricarboxylic-acid-cycle intermediates, (ii) their abilities to oxidize carnitine esters of non-esterified fatty acids (but not nonesterified fatty acids), (iii) their concentrations of endogenous substrates, and (iv) the ratios of the substrates utilized (Table 2) . On the basis of our results, ASE cell mitochondria were more similar to locust muscle mitochondria than house fly muscle mitochondria in all categories (Table 2 ). In addition, other biochemical features of ASE mitochondria mean that they are not only similar to locust muscle mitochondria, but they are also generally related to mammalian skeletal muscle mitochondria (Table 2 ). These features include the following: the lack of oxidation of octanoate, which in mammalian heart and liver mitochondria occurs via a carnitine-independent pathway with a matrix-associated medium-chain fatty acyl-CoA synthetase; the rapid oxygen uptake exhibited when ADP was added in the absence of exogenous substrates; the pattern of substrate preference (Table 2) ; and the use of intermediates associated with ketone-body synthesis (Table 1) .
Mosquitoes normally utilize carbohydrates during flight [25, 26] , but when attached to a flight mill, A. gambiae females can fly for up to 22 h using both lipids and carbohydrates during this period [25] . Another study reported that female A. gambiae used only one-third of the lipid and an equal amount of carbohydrate for short flights (4 h) compared with longer flights [27] . These results suggest that when A. gambiae females are forced to take a long flight, carbohydrates are primarily used during the first few hours [26] . In A. gambiae, it was shown that when carbohydrates are exhausted, lipids are mobilized and used [25] . A simple calculation based on the average amount of fat and glycogen present in female Anopheles mosquitoes (70 μg per female and 25 μg per female [27] ) would indicate that glycogen can sustain a 1 h flight, whereas fat reserves can sustain flight for 6-7 h. {Note: oxygen uptake of flying mosquito (20 nmol/min per mosquito) was calculated from values published for locust and assuming an average body weight of mosquitoes of 1 mg per insect and that the muscle weight represents 20% of the body weight. Fat weight was estimated to be mainly composed of palmitic acid, and that the stoichiometry of 1 mol of oxidized palmitic acid requires 23 mol of oxygen. Moles of glucose were calculated by dividing the weight of glycogen with 180 g/mol glucose weight was calculated and assuming a stoichiometry of 1 mol of oxidized glucose requires 6 mol of oxygen. Final numbers for fat and glucose were 6 and 0.8 nmol of oxygen consumed/mosquito. These results were adapted from published studies [22, 25, 27] .} Carbohydrates are mobilized mainly from glycogen reserves, resulting in an increased level of soluble carbohydrates in haemolymph. The mechanism for mobilizing lipids is unknown, but some physiological clues suggest possible mechanisms. More than 30 different members of the AKH (adipokinetic hormone)/ RPCH (red-pigment-concentrating hormone) family have been identified from the major insect orders. AKHs induce the mobilization of flight substrates, such as lipids in crickets, grasshoppers, locusts and butterflies; sugars in cockroaches, flies and bees; and proline in tsetse flies and some coleopterans [29] . For several insect species, AKH octapeptides play an important role during flight [30, 31] and other energy-consuming activities, such as walking, ball rolling or swimming [29, 30] . Locusts utilize mainly carbohydrates for short flights, whereas for longer flights, the transition to mobilization of lipids for energy is regulated by AKHs [31] . By analogy, AKH may mobilize lipids in A. stephensi for utilization by flight muscle during extended periods of energy utilization.
The conversion of glyceraldehyde 3-phosphate into 1,3-bisphosphoglycerate during glycolysis requires the conversion of NAD + into NADH and, to maintain the glycolytic flux, NADH must be continuously reoxidized. In white vertebrate muscle, NADH reoxidation is achieved by the conversion of pyruvate into lactate, which is catalysed by lactate dehydrogenase. Although the activity of the glycerol-phosphate shuttle is higher in white than in red muscle [32] , the activity of this shuttle plays a supplementary role to lactate dehydrogenase.
In muscles that oxidize a considerable amount of pyruvate via the tricarboxylic acid cycle (e.g. insect flight muscle and vertebrate red muscles), NADH is oxidized by means of the mitochondrial electron-transport chain. However, the mitochondrial membrane is impermeable to NAD + and NADH, so indirect means of transporting the cytoplasmic reducing equivalents into the mitochondria exist [33] [34] [35] . In red muscles, a large proportion of the pyruvate produced from glucose is oxidized to carbon dioxide and water (e.g. more than 80% in the perfused rat heart [36] ). In this tissue, the malate-oxaloacetate shuttle transports reducing equivalents to the mitochondria.
Insect flight muscles are believed to possess an active glycerolphosphate shuttle that catalyses a unidirectional net oxidation of cytoplasmic NADH by the mitochondrial electron-transport chain [37] [38] [39] . Furthermore, in most insect flight muscles, the maximum glycolytic capacity (estimated from the activities of phosphofructokinase) is approximately the same as the maximum capacity of the glycerol-phosphate shuttle [22, 28] . This suggests that the operation of this cycle in insect flight muscle could account for most, if not all, of the oxidation of NADH produced during glycolysis. However, the higher rates of oxygen uptake found with α-glycerophosphate (glycerol-phosphate shuttle) than those with malate or glutamate-malate (using the malateoxaloacetate shuttle) obtained with ASE mitochondria indicated that the glycerol-phosphate shuttle plays as major a role in NADH oxidation in ASE cell mitochondria as it does in insect muscle mitochondria. In contrast, mammalian white muscle mitochondria depend primarily on the lactate dehydrogenase shuttle, whereas red muscle mitochondria depend on the malate-oxaloacetate shuttle for NADH oxidation.
Oxidation of amino acids by isolated mitochondria
Following Winteringham's [40] suggestion that free amino acids present in high concentrations in the haemolymph and in the thoracic tissues of insects can function as energy reserves for flight, we tested whether several amino acids could serve as respiratory substrates for isolated ASE cell mitochondria. The average oxygen consumption in State 3 observed with glutamate was 10 nmol of oxygen/min per mg of protein.
Of the other amino acids tested (threonine, methionine, lysine, glycine, leucine, isoleucine and valine) and the corresponding branched-chain α-oxo acids, only threonine was significantly oxidized (Table 1) . Mammalian liver mitochondria are endowed with the catabolic pathways for methionine, lysine, glycine and threonine, which drive the formation of NADH and/or FADH at several steps of these pathways. Mammalian liver mitochondria also contain threonine dehydrogenase, (and possibly 2-amino-3-oxobutyrateCoA ligase) and branched-chain α-oxo acid dehydrogenase activities, activities that are required for threonine and branchedchain oxo acid metabolism. The capacity to oxidize these amino acids (with the exception of threonine) and the corresponding α-oxo acids is absent in ASE mitochondria. As such, if amino acids have a function in energy production for ASE mitochondria, they contribute only to the supply of tricarboxylic-acid-cycle intermediates (with the exception of proline, see below). For example, glutamate can be reversibly transaminated to pyruvate.
In many insects, the amino acid proline is present in relatively high concentrations in haemolymph and flight muscles [41] . It was first shown that proline serves as an energy substrate during flight in the tsetse fly Glossina morsitans and, since then, several investigations have led to the conclusion that proline is either fully or partially oxidized to supply the flight muscles with energy and that alanine is the end product (see [42] [43] [44] ). High concentrations of proline can be found in haemolymph, flight muscles and fat body, and the use of proline to power flight in a number of insects has been corroborated. Biochemical pathways of proline oxidation and resynthesis have been fully described for the tsetse fly [42] and partially for the Colorado potato beetle Leptinotarsa decemlineata [45, 46] .
It is believed that during flight, proline is catabolysed in the flight muscles in two steps into glutamate ( Figure 1A ). Glutamate subsequently serves as the substrate for AlaT (alanine aminotransferase), providing α-oxoglutarate for oxidation in the tricarboxylic acid cycle. The 5-carbon moiety is only partially oxidized. Malic enzyme decarboxylates malate from the cycle and produces pyruvate, which is subsequently converted into alanine in the presence of glutamate by AlaT [47] . On the basis of our inference that ASE mitochondria were similar to insect flight muscle mitochondria, we tested whether ASE mitochondria could catabolyse proline by this pathway. If so, then the following steps would be expected to occur: (i) proline would be utilized [(i.e. the addition of ADP to proline-supplemented mitochondria would result in a significant increase in the oxygen uptake, and this would be inhibited by oligomycin and uncoupled by FCCP (carbonyl cyanide ptrifluoromethoxyphenylhydrazone)]; (ii) proline oxidation would be competitively inhibited by hydroxyproline [48, 49] , a substrate for P5CDH ( 1 -pyrroline-5-carboxylate dehydrogenase), which generates 4-hydroxyglutamate [50] ; (iii) the competitive inhibitor of succinate dehydrogenase, malonate, would inhibit proline oxidation if oxidation of oxoglutarate proceeds exclusively through the tricarboxylic acid cycle; (iv) malonate inhibition would be reversed by malate, because this substrate would provide pyruvate via malic enzyme; (v) the subsequent addition of tartronic acid would inhibit malic enzyme and oxygen uptake; and (vi) tartronic acid inhibition would be reversed by the addition of pyruvate ( Figure 1A and Table 3 ).
Our experimental results obtained with proline did not agree with the expected results in terms of the partial inhibition achieved by malonate addition and the partial reversal of this inhibition by pyruvate (Table 3) . Furthermore, our results not only ruled out an exclusive role for the tricarboxylic acid cycle Table 3 State 3 oxygen uptake of isolated mitochondria from ASE cells with endogenous substrates or proline Isolated mitochondria were incubated in the absence of substrates (endogenous) or in the presence of 10 mM proline. The Expected column was calculated assuming that the oxoglutarate formed from proline is only catabolysed via the tricarboxylic acid cycle, with no significant input from malic enzyme unless malate is present. n.d., not determined. in proline oxidation, but also suggested that the tricarboxylic acid cycle and another oxidative pathway contributed equally to the oxidation of proline. This alternative pathway would catabolyse the oxoglutarate not utilized by the tricarboxylic acid cycle. We suggest that oxoglutarate is transaminated to glutamate (via aspartate transaminase) and the oxaloacetate formed in this process is recycled back to oxoglutarate through the tricarboxylic acid cycle ( Figure 1B) . In support of this argument, malonate inhibition was reversed by the addition of aspartate, the substrate of aspartate transferase. It could also be argued, however, that the addition of pyruvate after tartronic acid-mediated inhibition of malic enzyme could have had another effect on proline oxidation. Specifically, pyruvate addition could dose-dependently activate alanine transaminase to generate oxoglutarate. However, the low percentage of oxygen uptake obtained upon the addition of pyruvate suggested that this substrate was mainly functioning as an inhibitor of malic enzyme (Table 3) . In intact insects, the alanine that results from the catabolism of proline is released from flight muscles into the haemolymph and is transported to the fat body, where it serves as a precursor for the resynthesis of proline [42] . In this pathway, proline functions not only as a substrate for muscle contraction, but also as a transporter for the disposal of ammonia via the fat body. Waste nitrogen can also be disposed of via the amino acid glutamine. Given that glutamine and ornithine can form glutamate via glutaminase and transamination/P5CDH respectively, we tested whether these substrates were utilized by ASE mitochondria when excess glutamate was present. ASE mitochondria did not catabolize glutamine or ornithine, suggesting that the ammonia formed during protein catabolism is transported out as alanine and glutamine. In an analogous situation, significant increases in glutamine have been detected in the haemolymph of Locusta migratoria during flight [51] . Taken together, the proline-alanine pathway resembles the mammalian glucose-alanine pathway, in which the alanine released following transamination of pyruvate in muscle is recovered as glucose by gluconeogenesis in liver. This process sustains glucose levels during exercise and functions to dispose of excess nitrogen. Similarly, waste nitrogen released as alanine is recovered by the fat body and converted into proline, which is utilized as a principal flight muscle energy source. In accordance with our observations above, the presence of this catabolic pathway for proline is further evidence that ASE mitochondria are endowed with pathways that can be attributed to muscle cells.
Effect of inhibitors on respiration and oxidative phosphorylation
The effects of electron-transport-chain inhibitors and uncouplers on ASE cell mitochondria were similar to the effects of these compounds on mammalian mitochondria (Table 4 ). The inhibition of α-glycerophosphate by oligomycin constituted a reliable criterion for the tightness of the coupling of respiratorychain phosphorylation. The subsequent addition of FCCP, an uncoupler that completely dissipates the chemiosmotic gradient, released the inhibition of oligomycin as expected and restored oxygen uptake to levels comparable with those obtained with α-glycerophosphate. Rotenone blocked oxygen uptake between Complexes I and III, whereas the addition of antimycin A blocked the rate between Complex I or Complex II and Complex III. As observed in mammalian mitochondria, azide and cyanide were equally effective at inhibiting Complex IV.
On the tissue of origin for the mitochondria characterized in this study
Our results indicate that the biochemical features of ASE mitochondria are similar to those of muscle mitochondria. This statement should not be interpreted to mean that ASE cells are similar to mammalian muscle cells or that ASE cells were derived from A. stephensi muscle tissue. Following our isolation procedure and the cell-growth conditions (described in the Materials and methods section), the majority of ASE mitochondria exhibited biochemical patterns that have been described for muscle mitochondria. There are several possible explanations for our findings. The immortalized mosquito cell line utilized in this study was originally derived from minced first-stage larvae of A. stephensi var. mysorensis as culture number 43 (Mos. 43 [52] ). The primary culture contained epithelial-type, fibroblast-type and occasional giant cells in a distribution that is similar to that reported for a primary culture from Aedes novalbopictus [53] : 80 % epithelial cells, 5-10 % fibroblasts and a small percentage of giant cells. However, the Mos. 43 cell-type distribution shifted at the 15th serial subculture to a majority representation of fibroblast-like cells, probably as a result of their faster growth rate. Despite this morphological shift, the persistence of different isoenzymes (e.g. lactate dehydrogenase [53] ) in the Mos. 43 cell line indicated that multiple cell types remained in the culture. The specific origin of these cell types and, hence, the origin of the ASE cell derivative of Mos. 43 is unknown.
Even if the tissue origin of a cell line is known, cell-culture conditions can alter the expression of metabolic pathways so that they no longer reflect metabolism in vivo. For example, some of our substrate assays suggested that the ASE cells lack several glycolytic enzymes (hexokinase, glucose-phosphate isomerase, glutamate-oxaloacetate transaminase and phosphoglucomutase [54] ), whereas other assays indicated the presence and activity of several dehydrogenases that would not function in the absence of glycolysis (pentose phosphate shunt, tricarboxylic acid cycle, glycolysis [53] ). The presence of the these dehydrogenases, specifically malate, α-glycerophosphate, isocitrate, β-hydroxybutyrate and glutamate dehydrogenases, are further supported by analyses that identified these proteins in A. gambiae Sua 5B cells via LC-MS/MS ( Table 5 ). The presence of these enzymes in A. gambiae is highly predictive of their presence in A. stephensi, given the significant conservation of these enzymes across disparate species.
Finally, it has been proposed that cell-culture medium, pH, osmotic pressure and oxygen tension, in combination with the mitotic potential of diverse cells in a primary culture, select for the survival of haemocytes, which become the predominant or only cell type present during prolonged passaging and maintenance [55] . Indeed, cell lines are difficult to establish from embryonic tissue before haemocytes have appeared, but it has been suggested that the hypoxic conditions of cell culture select for the survival of cells from the haemocyte lineage [56] . As such, many of the existing mosquito cell lines have been described as 'haemocytelike', based on their immune-reactive behaviour on stimulation with foreign antigens [55] . It will be interesting to continue our studies of these cells from a biochemical perspective, as such results could help to resolve the physiological identity of immortalized mosquito cell lines. Although ASE cell mitochondria share many features in common with mammalian muscle mitochondria, two major differences are apparent. Specifically, ASE cell mitochondria and mammalian muscle cell mitochondria appear to differ in the oxidation of cytosolic NADH and on the use of proline as a substrate.
In the case of NADH, the glycerol-phosphate shuttle played a major role in NADH oxidation, whereas in mammalian muscle mitochondria, lactate dehydrogenase or the malate-oxaloacetate shuttle functions in that role.
In the case of proline, ASE mitochondria were able to oxidize this substrate at a rate comparable with that of α-glycerophosphate (Table 1) . However, this oxidation appears to have occurred via a pathway ( Figure 1B ) that is different from that which is currently accepted. Oxoglutarate can be catabolized by complete oxidation through the tricarboxylic acid cycle or by transamination. The first pathway will probably have a higher yield of ATP and be favoured by the allosteric effect of fumarate on the malic enzyme when higher levels of ATP are needed.
The degree of proline utilization for flight ranges from the 'sparker' function in the blowfly P. regina [57] to the combined use of proline and carbohydrates in the Colorado potato beetle [58] , the African fruit beetle Pachnoda sinuata [59, 60] and the blister beetle Decapotoma lunata [61] , to the exclusive catabolism of proline in the tsetse fly [42] and possibly some scarab beetles [62, 63] . As there are no known specialized storage organs for proline, this amino acid must, therefore, be synthetically produced during flight. The fat body is the site of proline resynthesis in the tsetse fly [42] and the Colorado potato beetle [46] . Comparing the rates of oxygen consumption in the presence of pyruvate with those of proline and octanoylcarnitine, we speculate that ASE mitochondria can utilize carbohydrates and proline as substrates in a fashion analogous to the use of these substrates for flight in some insect species.
Finally, the biochemical characteristics of ASE mitochondria provide not only a critical foundation for larger studies to be performed with mitochondria from different mosquito tissues, but they also represent completely new physiological insights for anopheline mosquitoes. For instance, knowledge of mitochondria bioenergetics can be applied in studies of mosquito aging [64, 65] and could perhaps be useful in understanding the detoxification of insecticides. Specifically, insecticide resistance may result from alterations in mosquito mitochondrial physiology that can be adapted to track the development of insecticide resistance in mosquito populations. And, by extension, differences in mitochondrial physiology between mammals and mosquitoes may highlight novel targets for the development of new insecticides.
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